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EIZl?EOTOF OCWR&SIBILITY ON THE PRESSURES AND FORC”ES

ACTING ON A MODIFIED NACA 65,3-019AIRFOIL

HAVING A O●20-CHORD FLAP

By W. F“.Lindsey

SUMMARY .

An investigation has been oonduoted in the Langley
rectangular high-speed tunnel to determine the effect of
compressibility on the pressure distribution for a modl-
fled NACA 65,3-019airfoil having a 0.20-chord flap. The
investigation was made for an angle-of-attack range
extending from -2° to 12° at flap deflections from 0°
to -120. Test data were obtained for Mach numbers
from 0.28 to approximately 0.74.

The results show that the effectiveness of the
trailing-edge-type control surface rapidly decreased and
approached zero as the Mach number increased above the
critical value.

INTRODUCTION

The available information on the aerodynamic charac-
teristics of airfoils, with and without flaps, at low
speeds Is quite extensive and prevl.ousinvestigations

I have shown the general effects of compressibility on air-
foils without flaps. For airfoils with flaps, however,
the available information at high speeds is limited.

The earlier investigations at high speeds demon- “
strated the limitations of the theoretical methods in
extrapolating low-speed data to high speeds (reference 1).
In ad~tion, the Investigations illustrated the inappli-
cability of the theoretical methods in the supercritlcal-
speed range, in which pressures and forces.change radi-
cally. These radical changes in pressures and foroes are
the adverse effects of compressibility, a knowledge of
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which is necessary in the design of high-speed airplanes.
Because of the inadequacy OP the theoretical method In
applications to the supercritical region, recourse to
experiment 1s necessary to determine the adverse effects
of compressibility.

Data at high speeds were required in connection with
the design of a specific airplane; accordingly~ an inves-
tigation was conducted in the Langley rectangular high-
speed tunnel to detemine the effect of compressibility
on thepressures and forces acting on a modified NACA 61j,5-o1g
airfoil having a 0.20-chord flap. Pressure-distribution
measurements were made at Mach numbers between 0.28
and 0.74.for angles of attack from -20 to 12° and flap
deflections from Oo to -12°.

APPARATUS AND TESTS

The tests were conducted In the Langley rectangular
high-speed tunnel, which is an induction-type tunnel
without return passages and has an 18-inch by )+-inchtest
section. The variation in the Mach number in the test
section along the tunnel =is without a model installed
in the tunnel is fO.~ percent of the stream Mach number.
In a plane normal to the tunnel axis the variation is
*0.8 percent of the test-section Mach number at a stream
Mach number of 0.60. The direction of the air flow
appears to be misalined by -O.1° with a possible variation
of to.lo. No correction for misallnement has been made
for the data presented herein:

The model completely spanned the test section along
the )+-inchdimension and was supported by large circular
end plates which were fitted Into the tunnel walls in
such a way as to rotate with the model and to retain
continuity of the surface of the tunnel walls. The
junoture between the model and the end plate was sealed.

The profile of the 5-inch-chord model havl
YO.20-chord flap cliffered from the modifled NACA 5~3-019

airfoil section in that the profile from approximately
the 81-percent station to the trailing edge was formed
by stral.ghtlines hating an included angle between 20°
and 21°. Forty pressure orifices were installed in the

L Inch from and onmodel surface in two chordwise rows -
L
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either side o.f“themodel center line. The model profile
and preaaure-oriftoe locations are shown in figure 1;
The airfoil ordinates are given In table I.

Pressure-dtstributlonmeaauiwments were made for a
range of Mach numbers frozq0.28 to approximately 0.74 at
angles of attack from .20 to 120 and flap deflections
from 0° to -12° (UP) . .Additional pressure-distribution
measurements were made for positive (down) deflections of
the flap at angles of attack of 2° and JO. These tests
were supplemented by sohlleren photograph@ of the flow in
the supercritical speed re@on for a few of the lower
angle-of-attack configurations. These photographs show
density gradients in the flow by ohanges in light
intensity. (For details, see reference 1.)

SYMBOLS
. .

M

Mcr

q

Po

P

a

P

P~r

H

%

pL

Cn

Mach number

Mach number at whloh sonic velocity was obtained
locally wlthln the flow field (as at the model
surface)

dynamic pressure

free-stream static pressure

local static pressure

angle of attaak

pressure ooefficlent

(as at model surface)

.

()P- Po
q

critical pressure coefficient, corresponding

(

o.528a - p.
100al Mach number of 1.0

)
—.— -“.

q

total pressure

upper-bal’ante-chamberprbsaure coefficient

lower-balance-chamberpressure coefficient.
section normal-force coef”f’lclent

to
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sectloh pitching-fhonl~ntcoefficient of normal
force about quarter-chord location

flap normal-force coefficient

flap hinge-moment coefficient (determined by the
pressure distribution from
trailing edge)

flan deflection measured with

flap hinge axis to

reference to the
fiodelchord; negative deflection is up

RESULTS AND DISCUSSION

Tunnel-Wall Effects

The results of these tests have not been corrected
for constriction or tunnel-wall effects. The most
important constriction effect on these data in the super-
critical region is the change in the Mach numbers given
herein to higher effective stream Maoh numbers. (See
reference 2.) The difference between the two Mach numbers
Increases raptdly as the msximum tunnel speed is approached.
It is further shown in reference 2 that very near or at
the maximum speed attainable for a given model-tunnel
configuration large gradients in velocity occurred at the
walls. The maximum-speed test points given herein for
each angular configuration are therefore considered to be
of questionable value.

Pressure Distribution

The pressure distributions along the chord of the
model are presented In figures 2 to 31, Inclusive. Each
figure shows the effect of compressibility on the pressure
distribution for a given angulsr configuration. The
effect of angle of attack and flap deflection can be
obtained from a comparison of the various figures. .

Subcritical region.- The figures for the lower angles
of attack and small normal-force coefficients show that
increases in Mach number in the subcritical ranges sre
accompanied by Increases in the maximum negative pressure
coefficient, which is In agreement with theory. In the
high angle-of-attack and large normal-force-coefficient

I
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range the change In the maximum negative pressure coef-
,.-..-. ‘,ftclent..wi&>Mach..nmbe~a. ap~o~ti~atelyatelyzero and not in

agreement with theory, probably as a result”of thb’e%ist=
ence of separated flow.

A comparison of part (a) of figures 2 to 31 for a
constant angle of attack and various flap deflections
shows that the Increment in load produced by a deflection
of the flap is distributed approximately uniformly along
the chord as could be expected from low-speed tests. It
can be seen, however, at this Maoh number (approx. O.43)
that the maximum relative change in loadlng on the main
part of the wing occurs near the leadlng edge. ThlS
change has an appreciable effect in increasing or relievlng
the pressure peaks that occur near the leading edge for
some angle-of-attack conditions. .(See p-t (a) of figs. 2
to 5 and 18 to 21.)

Supercritical region.- Although it has been shown
that In he subcritical Mach number range the action of
the flap in changing the loading along ~he chord was
slmilsr to that shown by the low-speed tests,,in the
supercritical range, when the region of supersonic flow
Is relatively large, the loadlng in and ahead of the
supersonic region is a function only of angle of attack.
The extent of flow affected by the flap is limited to the
region of subsonic flow behind the supersonic region and
to ths flow over the flap Itself. (See parts (d) and (e)
of figs. 6 to 9.) The chordwise Influence of flap deflec-
tion on the flow over the main part of the wing could be
expected to be.limited to the subsonic flow region ahead
of the flap, since pressures are propagated at the speed
of sound. This effect of compressibility In producing a
marked change in the flow over the forward portion of the
airfoil at supercriticalMach numbers Is comparable to
that which occurs for oambered airfoils, as evidenced by
the change In the angle of zero lift. The similarity can
be more clearly seen when the cambered airfoil is con-
sidered to be a multiple flapped airfoil.

Comparison of the pressure distributions for the
flap deflected and neutral shows that, for this model,
the chordwlse extent of the Influenoe of the flap
decreases gradually as the speed is increased above the
critioal speed.

If’the fundamental =pects of the flow are con-
sidered, deflections of the flap could produce changes

-..
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In the pressures in the sub”honloflow region, thereby
changing the shock location. Thls effect, however, is
not apparent in these results because of separated flow
and the resulting absence of the usual disconthuities In
the pressure-distribution diagrams wlxlchindicate the
shock location.

Schlteren Photographs

Schlleren photographs of the flow in the higher Mach ,
nmber range are shown in figures 32 to 37, inclusive,
for the model at angles of attack of 0° and b“ with
various flap deflections. (Note compressions are white
on fig. 32, black on figs. 33 to 37.) These photographs
show that for angles of attack from 0° to ko the flow
separates at approximately the 0.60-chord location for
Mach numbers near the critical values, and with increasing
Mach number the separation point moves forward. The
forward movement of’the separation point is accompanied
by a rearward movement of the shock along the separation
boundary.

A comparison of the schlleren photographs with the
corresponding pressure-distribution diagrams shows that
t@ exlstenoe of separated flow has a serious effect on
the pressure distribution in the vicinity of compression
shocks. (See, for example, figs. g(d) and 35(d).) It
will be noted that for the condition of a well-defined
shock and separated flow the pressure-distribution diagram
indicates smooth compression. In addition, the location
of the pressure corresponding to the critical pressure
coefficient generally occurs from 5 to 10 percent of the
chord downstream from the shock location. This phenomenon
is probably the result of the existence of large static
pressure gradients in the separated-flow region between
the boundary and the model surface where pressures were
measured. The extent of the separated flow would be
reduced for an airfoil having a smaller thlckness-to-
chord ratio.

Critical Mach Number

The variation of the critical Mach number of each
surface with flap deflection for constant angles of attack
is presented in figure 38. The large decrease in critical
Maoh number that occurs at angles of attack between 60
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and 80 for the upper surface is a result of a rapid
,..:. .. Inor.qa.sq,in the ma~nlt”udeof the negative pressure coef-

ficients near’”th6”’16aMi&”:edgti;’“T~ dlfference=between
the critical Mach numbers forth upper and lower surfaces
for corresponding conditions can be attributed to air-
flow misalinement. The highest critical Mach number for
this alrfoll is approximately 0.65 and IS obtained for
angularconfigurationscorresponding to a nomnal force of
approximately zero.

Compressibility Effects o-nForce and Moment Coefficients

The normal-force, moment, flap normal-force, and
hinge-moment coefficients obtained from’integrations of
pressure-distribution diagrams are presented in figures 39
and ,40. Each figure shows the variation in the coeffi-
cient with Mach number at a constant angle of attack for
each flap deflection. These figures are cross-plotted in
figure 41 to show the variation in the coefficients at a
constant Mach number.

Normal-force coeffi.cients.-Figure39 shows that, with
the flap at ~, ~fect of compressibility on the
normal-force coefficient at subcriticalMach-numbers is
in accord with previous experimental and theoretical
results. The variation for the other flap deflections at
a fixed angle of attack, however, appears to follow, to
some extent, both in direction and magnitude the variation
for the condition of the flap at 0°, as indicated by a
lesser divergence of the curves than would have been
expected from theoretical estimations. (See parts (c),
(d), and (e), fig. 39.) A variation of_this type shows

dcn --
that the effect of compressibility on ~ is small in

the subcritical Mach number range. ‘-

In the supercritical Mach number range above the
value at wld.chthe peak normal-force coefficient occurs,
the convergence of the curves for the various flap
deflections ~: a given angle of attack indicates a rapidly

decreasing ~ w:th increasing Mach number. The effect

dcn
of compressibility on —

d6 ‘
presented in figure 42, is

in accord with the variations Indicated In figure 39.
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In the supercrltlcal Mach range”for angles of attaak
not greater than 6° it can be seen in figure 39 that the
peak normal-force coefficient for a given angular configu-
ration occurred at a Mach number of approximately 0.65,
which indicates that this airfoil section should be
restricted to desi ns wherein the maximum Mach number
does not exceed O.%59

A comparison of the various parts of figure ~1 in
which is given the variation of the normal-force coeffi-
cient with angle of attack shows that as the Mach number

dcn
increases — increases and reaches a maximum value at

da
a Mach number of 0.65 as could have been expected from
the preceding discussion. .

A further examination of tigure 41 shows that
deflections of the flap produce a change in the angle

zero normal force, but have no appreciable effect on

of
dcn
—a.
au

for the more linear parts of the curves. The eff’ectof
dcn

compressibility on — for the more linear parts of

these curves is prese’%ed in figure ~.

The flap effectiveness da
z’

obtained from the ratio
dcn dcn

of — to ~ (fiG. ~) and presented in figure 43,
da

decreased with increased Mach number and rapidly approached
zero as the Mach number was increased above the critical
value.

Moment coefficients.- The variation of the moment
coefficient with Mach number In the subcritical range as
shown In figure 39 is small. In the supercritical region
the moment coeff’lclentsgenerally increase with increasing
Mach number. This increase is followed by a rapid
decrease, which occurs at a Mach number above the value
at which the decrease in normal-foroe coefficient occurs.
The pressure-distribution diagrams show that the deoreaee
In nomnal-forca results from a ~eneral decrease In the
magnitude of the loading, and a; higher Mach
continued decrease in loading Is accompanied
In distribution wh~ch results in a decreased
ficient.

t

numbers the
by a change
moment coef-
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At the supercritloal.Machnumbers at which the normal
forces for-the,~rlous flap defleotlons tend to be approxl-m .... .........\ mately ‘t”hk”””aahej“t~’-dtrec”tlbn-of.ti change’in themoment
coefficients is similar to the dlreotion of the ohange
in cn. A variation of similar magnitude, however, could .
not be expected in these coefficients because of the large
effect that a small change in load at the rear of the model
has on the moment coeffi.clent.

I A comparison of the effects of angle of attack and
flap deflections on the variation in moment coefficient
with normal-force coefficient can be seen In figure 4.1.

For constant flap deflection there is a small positive
Increase In moment coefficient with an increase In nomnal-
force coefficient. This slope remains approximately con-
stant for Mach numbers to approximately 0.65. For Maoh
numbers above 0.65, the varlatlon depends on the flap
deflection.

At a constant angle of attack between -2° and 6°,
lsrge changes in moment coefficient ocour in a negative
direction with an increase in the nozmal-force coeffi-
cient. These slopes, which are approximately constant to
a Mach number of 0.6, increase as the Mach number Is
further increased to 0.7.

Flap normal force.- The flap normal-force coeffi-
cients are presented in figure 40. In the supercritical
region, the variations in the mefficlents are large and
irregular, probably being influenced by the effect of flow
separation.

HiMe-moment ooefflclents.- The variation in the
hinge-moment coefriolents with Maoh number, also shown in
figure 40, are very similar to the variation in flap
normal force.I

,. At Mach numbers from 0.01 to 0.02 below the maximum
test value, a flap deflection range is indicated in which
the flap tends to become or is overbalanced. At the same
Mach number and for the sue angular configuration, in

e figure 39, no change occum in .thqvalue.of normal-force
coefficient, and the control would therefore be unresisting
and ineffective. Although the Mach number is near the
maximum test value, for which the data are of questionable
value, the possibility of this condttion of the control
should not be overlooked.

//”
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The hinge-moment coefficients are presented in
figure @ in the same manner as the moment coefficients.
It can be seen that for a constant flap deflection the
magnitude and direction of change of’hinge-moment coeffl-
cienli with increase in normal-force coefficient depends
on the absolute value of the flap deflection. The slope
for a given flap deflection increases positively with
increases in Mach number to 0.675; further increases in
Mach number are accompanied by increases in the slope in
the negative direction.

At a Mach number of 0.)+0the changes in hinge moment
with flap deflection at a constant angle of attack are
generally uniform over the flap deflection range. At a
Mach number of 0.60 and above in the negative normal-
force-coefficient range the changes in hinge-moment coef-
ficient for flap deflections between 0° and -4° is very
small compared with the changes at ltirgerdeflections.
This effect is possibly a result of the reversals in the
load over the flap produced by the very thick boundary
layer or separated flow. (See pressure-distribution
diagrams and schlieren photographs.)

Balance-chamber pressure-coefficient differential
(PL - ~). - The difference between the pressure coeffi-
cients for the lower-surface and the upper-surface balance
chambers is presented in figure ~. This figure shows
the effect of Mach number, flap deflection, and angle of
attack on the pressure-coefficient differential.

The effect of compressibility on the pressure-
coe”fficientdifferential is generally small at Mach
numbers below 0.65. This small effect could be axpected
when the magnitudes of’the individual pressure coeffi-
cients are small and are measured at a station in rear of
the position of the maximum negative pressure coefficient.
The decrease in the magnitude of the pressure coefficient
at the high Mach numbers is primarily a result of the
effects of flow separation.

The balanced hinge-moment coefficient for this model
can be obtained by adding the hinge-moment coefficient of
figure LO to the product of the balance-chamber pressure-
ooefficient differential (PL - ~) and a constant, the
constant depending on the length of the balance tab. A
br$ef comparison of figures 40 and ~ indicates that at
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low speeds the effect of the balance

11

dOh
would be to reduce

m
k . .. as’’comparedwith-the-unbalanced”&mdi tlon. With Increasing

Mach number the effect of the balance decreases for the
lower angle-of-attack range.

CONCLUDING REMARK

I
i

i
The results of the Investigation on the modified

NACA 65,3-o19 airfoil having a 0.20-chord flap Indicate
that the effectiveness of a trailing-edge control surface
of small chord rapidly decreases and approaches zero as
the Mach number increases above the critical value.

Langley ?demorialAeronautical Laboratory
National Advisory Committee for Aeronautics

Langley Held, Va.
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TABLE I.- BASIC SEOTION ORDINATES FOR MODIFIED

NACA 65-*3-019~AIRFOIL SEOTION

[Stations and ordinates are in percent chord]

ordinate
Station Upper Lower

surface surface
~ ~

93 1.108 -!.108
1.921 -1.921

: 2. 98
z

-2.598

k ?4
. - .620
● % 14

8
9 37

5.~27 :;.;M;
10

%

5.723
6:7;5 -6:715

22 Z5Z
- .525

.19 z.192
26 8.721 18.721
;0 “

!$

9.113 -9.113

1
9. 71 -9. 71

3 y. 90 2-y. 90

t
;95 9. 00

z
-9. 00

46
; ● 3$1 2~;.3#

50

Ii
?
:02 - :0

z
2?

5 ● 597 - 9597
5 8.039 -8.039
;;

i
.370
.612

-.30
17- .612

70

b
i
.791

t
- .791

7

J

.922 - .922

8;

_% !L $!–100

L.E. radius; 2.139

. .
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Figure 2.- Pressure distribution for a modified NACA 65,3-019
airfoil with 0.20-chord flap. a = -2°; ~ = OO.
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NACA’ACR No. L5G31a Fig, 3a-f
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Figure 3.- Pressure distribution for a modified NACA 65,3-019
air fail with 0.20—chord flap. a = -2°; 8 . -4°.
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Figure 4.- Pressure distribution for a modified NACA 65,3-019
airfoil with 0.20-chord flap. a = -2°; S = -8°.
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Figure 5.- Pressure distribution for a modified NACA 65, 3-019
airfoil with 0.20-chord flap . a = -2°; 8 = -12°.



Fig. 6a-f ‘ NACA ACR No. L5G31a
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Figure 6.- Pressure distribution for a modified NACA 65,3-019
airfoil with 0.20–chord flap. a = OO; 8 = OO.
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Figure 7.- Pressure distribution for a modified NACA 65,3-019
airfoil with O .20-cherd flap. a = OO; 8 = -4°.



Fig. 8a-f NACA ACR No. L5G31a
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Figure 8.- Pressure distribution for a modified NACA 65,3-019
airfoil with 0.20-chord flap. a = OO; 6 = -8°.
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Figure 9.- Pressure distribution for a modified NACA 65,3-019
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Figure 19.- Pressure distribution for a modified NACA 65,3-019
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Figure 23. - Pressure distribution for a modified NACA 65,3-019
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Figure 28. - Pressure distribution for a modified NACA 65,3-019
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(d) M = 0.727. (e) M = 0.741,

Figure 32.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = OO; 8 = OO.
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(d)N= 0.732. (e) M= 0.744.

Figure 33.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = OO; 8 = -4°.
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(a) M= 0.589. (b) M= 0.621. (C) M= 0.650.1

(d) M= 0.708. (e) M ‘0.735. (f) M= 0.742.’

Figure 34.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = OO; Z = -8°.
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(a) M ‘0.620. (b) M ‘0.648.
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(C) M= 0.676.

(d) M ‘0.706. (e) M = 0.735. [f) M = 0.743.

Figure 35.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = OO; 3 = -12°.
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(d) M ‘0.727. (e) M= 0,738.

Figure 36.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 4°; b = -4°.
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(a)M = 0.617. (b) M= 0.651. (c) M = 0.678.

(d) M= 0.703. (e) M = 0,727. (f) M = 0.741.

Figure 37.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 4°; 8 = OO.
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Fig. 39c NACA ACR No. L5G31a
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